We have examined statistically the actions of thyrotropinreleasing hormone (TRH) 
INTRODUCTION
Rat pituitary GH3 and GH4C1 cells exhibit Ca2+-mediated action potentials both spontaneously and in response to the prolactin secretagogue thyrotropin-releasing hormone (TRH) [1] [2] [3] [4] [5] . These action potentials are generated by transient opening of plasmamembrane dihydropyridine-and voltage-sensitive (L-type) Ca2+ channels [6, 7] . Individual GH cells also exhibit both spontaneous and exogenously stimulated oscillations in cytosolic free Ca2+ concentrations ([Ca2+]1) [8, 9] . We have previously demonstrated that spontaneous oscillations require both L-type channels and a Ca2+-induced Ca2+ release (CICR)-like intracellular Ca2+ mechanism which is insensitive to both Ins(1,4,5)P3 and thapsigargin [9] . Detailed statistical analysis of these oscillations confirms that the rise phase of spontaneous oscillations is dependent on both Ca2+ influx through L-type channels and a CICR-like positive feedback mechanism [10] .
In response to TRH, populations of GH4C1 cells exhibit a biphasic [Ca2+]1 response consisting of a rapid spike followed by a sustained plateau [11] . Time-resolved measurements indicate that the plateau-phase response consists of the sum of rapid oscillations in individual cells [8, 9] . TRH also has a biphasic effect on Ca2+ action potentials. During the first phase, both membrane hyperpolarization [3] [4] [5] and [Ca2+] ,-dependent reduction in inward Ca2+ currents carried by L-type Ca2+ channels [12] inhibit action potentials for a period of 30-60 s. During the predicted solely by the previously observed relationship between spike amplitude and fall time. Bay K therefore appeared to increase the number of Ca2+ channels participating in each spike event without altering the kinetics of channel activation or deactivation, and without influencing Ca2' extrusion. After addition of Bay K, the interval between spikes gradually (tq -100 s) increased, whereas the rate of rise remained constant and maximal. To explain these actions of TRH and Bay K, we postulate that a fraction of L-type Ca2+ channels are inactivated during each spike and must be re-activated in order to participate in a subsequent spike. We conclude further that the changes in spike frequency and profiles induced by these secretagogues are most consistent with a model in which TRH induces increases in both Ca2+ influx and efflux while Bay K induces a large increase in Ca2+ influx but has little effect on efflux.
second phase, membrane depolarization causes an increased occurrence of action potentials [3] . These phase-II action potentials rise more slowly and are of lower amplitude and greater duration than the spontaneous action potentials [4, 5] .
Bay K 8644 is an L-type Ca2+ channel agonist which consistently evokes Ca2+ spikes in individual GH4C1 cells [9] . Bay K 8644 alters the voltage-gating characteristics of L-type channels [13] and, depending on the conducting ion (i.e. Ba2+ versus Ca2+), may increase the mean open time [7, 14] .
In this report, we examine the actions of TRH Time-dependent changes in spike shape after Bay K 8644 treatment were evaluated as follows. Ca2+ profiles of individual cells in the Bay K-treated population were placed on a common time axis, as described above. At each time point on this common axis, the record of each cell was queried for the presence or absence of a spike. If a spike was present, the spike counter for that time point was increased by I and the parameters describing that spike were added to accumulating arrays. The average value of each parameter at each time point was obtained by dividing the parameter sum by the number of spikes at that time point. As described above, each spike parameter was normalized by the mean pretreatment (i.e. control) value. Time-dependent averages are thus reported as fractional changes from the control value of 1.0. This averaging technique assumes a normal distribution of the spike parameters, accounting for the slight differences between the time-independent (log-normal, see Table 2 ) and timedependent statistics.
Statistical methods P values were calculated by using two-tailed Student's t test for the difference between means of two populations. In most cases, spike parameters were found to be log-normally distributed. T tests were therefore applied to the logarithms of the means and standard deviations.
Time constants and maximal values for time-dependent changes in spike parameters (P) were evaluated by non-linear regression, using the model function: [11] . Figure 1 presents the actions of TRH on the mean fluorescence and spike frequency observed in 180 individual cells. We observed a biphasic response consisting of a rapid increase in fluorescence that reached a maximum within 15 s of TRH addition, followed by a plateau during which the mean fluorescence slowly declined. During the first phase of the TRH response, the mean spike rate was strongly suppressed, consistent with membrane hyperpolariz- The two spikes were of similar shape, except that the post-TRH spike had a decreased amplitude, decreased T and increased fall slope compared with the pre-TRH spike. Among a large population of untreated cells, we found previously that, in any given cell, there is typically a direct correlation between spike amplitude and T [10] . We observed a similar correlation in the TRH-treated population before TRH treatment: the mean variation in r per unit change in spike amplitude was 0.80 (x / -. .1) s-/nrfu (results not shown). An identical relationship between spike amplitude and T was found in the TRH-treated population after TRH treatment, despite the observation that both mean spike amplitude and mean T were significantly different before and after TRH treatment (Table 1) . Thus the mean variation in r per unit change in spike amplitude was 0.77 (x / ±. .1) s-/nrfu after TRH treatment (results not shown). The positive correlation between spike amplitude and , which was found to be independent of TRH treatment, is probably due to a positive-feedback effect of Ca2`on further Ca2+ flux (i.e. CICR [9, 10] ). The lack of influence of TRH treatment on the magnitude of this correlation suggests that, on average, TRH has little effect on the magnitude of the CICR process.
Based on the correlation between spike amplitude and , the TRH-induced 0.11 unit decrease in mean spike amplitude might have been expected to result in a 0.09 unit decrease in mean r.
However, the observed TRH-induced decrease in mean T was 0.33 unit, or 3.7-fold greater than the predicted change. This finding, together with the observation that the relationship between mean spike amplitude and T was unaltered by TRH treatment (see above), suggests that the TRH-induced decrease in mean T cannot be attributed to decreased involvement of CICR in spike generation. As Ca2l currents are inhibited 112,18] and the time course of action potentials is broadened [4, 5] after TRH treatment, the Ca2+-influx event that precedes each observed spike is likely to be broader and of lower amplitude after TRH treatment. In the absence of changes in CICR or the rate of Ca2+ efflux, the spike would also be expected to be smaller and broader. Because the post-TRH spikes were, in fact, narrower than spikes observed before TRH treatment, and because the contribution of CICR was unchanged by TRH treatment (see above), the observed narrowing of spikes was probably due to an increased rate of Ca2+ extrusion. The observation that TRH induces substantial bidirectional flux of Ca2+ across GH4C1 cell membranes was previously demonstrated in 45Ca2+-loading experiments [19] .
The spike area can be used to estimate the apparent net flux of Ca2+ for idealized pre-and post-TRH spikes defined by the parameters listed in Table 1 ). Linear regression analysis of these data (solid line) indicated a strong correlation (r = 0.63; P < 0.001). The regression line passes above and to the left of the pre-TRH value of (1.0, 1.0), consistent with the shifts in population mean amplitude and fall slope (Table 1) . Notably, the changes induced by TRH include decreased spike amplitude and increased fall slope. Thus TRH strongly modulates some process responsible for the falling phase of Ca2+ spikes, independently of any direct effects on spike amplitude. Because the contribution of CICR is only slightly changed by TRH (see above), increased Ca2+ efflux is the process most likely to account for these changes.
Actions of Bay K 8644 on spike properties We examined the response to Bay K 8644 in 17 cells and analysed the data as described above. Post-treatment fluorescence values for each cell were normalized by the mean value obtained before Bay K treatment. Spike events within 200 s of Bay K treatment were excluded in order to analyse only spikes occurring after completion of the slow (t, -100 s) time-dependent Bay K effects (see below). Table 2 lists the mean values of the spike parameters in this population before Bay K treatment, as well as the fractional change in the parameters induced by Bay K. Bay K 8644 induced significant increases in all mean spike properties except the spike rise time. Owing to the relatively slow Bay K 8644-induced changes in spike amplitude and fall time discussed below, mean values of the parameters presented in Table 2 may underestimate the true (asymptotic) values of these parameters by up to 15%.
In an average untreated cell, a unit increase in normalized spike amplitude is accompanied by a 0.75-0.85 unit increase in T (results not shown). Bay K was found to induce a somewhat smaller increase (1.4-fold compared with a predicted 1.8-fold increase) in the spike decay constant T than would be predicted on the basis of the 2.3-fold amplitude increase. We proposed previously that the broadening of spikes with increasing amplitude is due to a positive-feedback mechanism involving Ca2+ (CICR), and that this effect is saturated at high spike amplitudes [10] . As Bay K has no broadening effect beyond that normally associated with increased spike amplitude, we conclude that the relative contribution of CICR to Ca2+ spikes is unaffected by Bay K, and that the broadening of high-amplitude Bay K-induced t Significantly different from the pretreatment value (P < 0.001). t As Bay K induced a slow (4 ; 100 s) increase in spike amplitude and fall time, the time-independent mean of these properties may underestimate the asymptotic value by up to 15%. To examine the time-dependent effects of Bay K 8644 on spike parameters in the population, normalized cell fluorescence profiles were aligned on a common time axis with the time of drug addition defined as t = 0. At each time point the average spike parameters (normalized by the mean pretreatment value) were calculated for all spikes occurring at that time. The effects of Bay K on mean cell fluorescence and the incidence of spiking are shown in Figure 5 . Before Bay K treatment the mean fluorescence was 1.00 + 0.07 (mean + S.D.) normalized units. Bay K induced a rapid (ti = 9 s) increase to about 2.5 units. (Figure 6b ).
Changes in spike properties induced by Bay K 8644 were found to occur in two distinct time domains. Mean fluorescence and spike rise slope were both rapidly (t, = 9-13 s) increased by Bay K treatment. Spikes occurring shortty after Bay K treatment were of low amplitude relative to later spikes because of truncation of the falling phase. As this truncation diminished, mean spike amplitude and spike fall time both increased at a slow rate (t, = 90-107 s). After 200-300 s, spike fall time increased sufficiently to cause the fluorescence at the end of the falling phase to approach the baseline value. Spiking then became intermittent, causing fluctuations in mean fluorescence. Nevertheless, spikes occurring during the latter phase of the Bay K 8644-induced response retained the large rise slope characteristic of spikes occurring during the earlier phase of the response.
The second-order association rate constant for binding of Bay K 8644 to rabbit skeletal-muscle Ca2+ channels is 4.7 x 106 M-1 s-1 [20] . If Bay K binds at a similar rate to the L-type Ca2+ channels on GH4C1 cells, then at the concentration of Bay K used in this study (1 ,uM) , binding would approach completion with a t1 of less than 1 s. The extent of Bay K binding both modulates [21] and is modulated by [20, 22] [23, 24] . In 17 cells, Bay K induced a 2.3-fold increase in mean spike amplitude (Table 2 ). This increase was due entirely to an increased rate of rise, as there was no change in the duration of the rise. If Bay K acted to prolong the duration of the action potentials that initiate spike events, then the initial Ca2+ influx should have led to an increased rise time. These observations, combined with the lack of effect on CICR (see above), suggest that Bay K 8644 acts to increase the magnitude of the initial Ca2+ influx by enabling activation of a greater number of channels, without affecting either CICR or the duration of channel activation.
To account for the slow decrease in truncation of spikes after Bay K treatment, we postulate that, after completion of a spike, some type of recovery process must occur before the cell is able to generate another spike. If so, this recovery process slowed after an interval of active spiking induced by Bay K. As L-type channels must be maintained in a phosphorylated state to remain active [25] , and a Ca2l-activated phosphatase inactivates Ca2l currents through these channels [26] , we speculate that sustained intervals of high [Ca2+] i could reduce the number of conducting channels by activation of this phosphatase. It is notable that, when spikes did occur during the late phase of the Bay K response, the rise slope was of the same large magnitude as that of earlier spikes. A mechanism may exist that prevents initiation of a Ca2+ spike until some threshold quantity of channels is in an activatable state.
Conclusions
An essential step toward identifying the major processes involved in cellular Ca2+ homoeostasis is to develop an understanding of the detailed nature of the spontaneous and inducible fluctuations in cytosolic Ca2+ concentrations. In this study, we have used statistical methods to identify specific changes in the frequency and shape of Ca2+ spikes in GH4C1 cells induced by TRH and Bay K 8644.
The specific actions of TRH and Bay K 8644 on Ca2+ spikes suggest a possible explanation for the synergistic effects of these two secretagogues on prolactin release from GH4C1 cells [27] . During its phase-II response, TRH induces both an increased frequency of relatively small Ca2+-influx events and a substantial increase in the Ca2+-extrusion rate. In contrast, Bay K 8644 elicits a large increase in the magnitude of influx events without a simultaneous increase in extrusion rate. TRH and Bay K therefore exert strong effects on extrusion and entry respectively. In combination, the two secretagogues may be expected to induce synergistically bidirectional flux of Ca2+ across the cell membrane. The manner by which this 'increased Ca2+ flux is coupled to prolactin secretion remains to be determined.
